A mechanism is proposed for an observed inverted stick-slip motion and a relationship between the macroscopic mechanical response and the dynamics of the embedded system in this regime is established. It is shown that the requirement for the occurrence of inverted stick-slip is the existence of two sliding regimes in the system. The inverted stick-slip stems from a bifurcation from one sliding regime to another. The mechanism suggests that the inverted stick-slip behavior reflects a transition of the embedded system from nonslip to slip boundary conditions.
In tribological experiments, using a surface forces apparatus ͑SFA͒ with a constant velocity drive, one usually observes stick-slip motion at low driving velocities followed by a transition to smooth sliding which occurs above some critical velocity. [1] [2] [3] [4] [5] Recently, a new regime of motion has been observed experimentally which is characterized by regular oscillations of the force between two kinetic states with high and low values of the friction force. In this newly reported regime the time series of the spring force resembles stick-slip behavior, but in contrast to the conventional stickslip motion, here the spikes point down rather than up. This regime of motion has been termed ''inverted stick-slip. '' 6 Furthermore, unlike the common scenario, where stick-slip is observed below the smooth sliding regime, the inverted stick-slip occurs above the smooth sliding regime for velocities larger than some critical driving velocity. An explanation to the inverted stick-slip behavior has been given in terms of a model based on the kinetics of formation and rupture of adhesive bonds between the SFA surfaces. 6 In this communication we propose a relatively general mechanism for the inverted stick-slip motion and discuss the relationship between this observed macroscopic mechanical response and the dynamics of a microscopic model of the embedded system. We demonstrate that the requirement for the occurrence of the inverted stick-slip is the existence of two types of sliding regimes in the system. The inverted stick-slip reflects then a bifurcation from one sliding regime to another. The existence of two sliding states has been already predicted within one-dimensional models of lubricated systems, which consist of particles embedded between two plates one of which is externally driven. 2, 7 We first show that the new regime naturally appears in one-dimensional microscopic models which are then extended to more realistic three-dimensional systems that exhibit a similar behavior. It should be pointed out that the phenomenological Tomlinson model 8, 9 which has been shown to reproduce most of the SFA observations, predicts only one sliding regime, and fails to describe the inverted stick-slip regime.
Let us start from a one-dimensional microscopic model, which consists of two rigid plates, with a monolayer of N particles with masses m and coordinates x i embedded between them. The top plate with mass M and center-of-mass coordinate X is pulled with a linear spring of spring constant K. The spring is connected to a stage which moves with velocity V. This system is described by Nϩ1 equations of motion:
The interaction between the molecules and each of the plates is described by a periodic potential U(x)ϭU 0 cos(2x/a).
accounts for the dissipation of the kinetic energy of each particle due to interactions with excitations in the plates. The interparticle interaction is described by a potential ⌽ for which we use either harmonic, k(
. The effect of the thermal motion of the embedded molecules is given by a random force f i (t), which is ␦-correlated,
T is the temperature and k B is the Boltzmann constant. The two plates do not interact directly.
The phase space of the coupled Eqs. ͑1͒ and ͑2͒ has been analyzed in Ref. 9 and has been shown to be well presented by a two-state picture of running ͑decoupled particlesplates͒ and locked ͑trapped particles-plates͒ states.
Independent of the details of the interparticle interactions, the above model exhibits two sliding regimes with friction forces, FϳNV and FϳNV/2 which are shown by the marked dashed lines in Fig. 1 . These two sliding regimes appear even in the case of noninteracting embedded particles. 2, 7 In the first, lower velocity, sliding state particles are trapped by one of the plates for a time much longer than a/V and perform small oscillations around the corresponding minima of the particles-plate interaction. This means, that at a given time some particles move with a velocity close to V, while others are locked. This behavior is clearly demonstrated by the phase space structure as presented in Fig. 2 in terms of densities of states. One clearly sees that running and locked states do not mix in the sliding regime ͓Fig. 2͑a͔͒. In the one-dimensional case, where the particles cannot ''pass'' one another, these running and locked ensembles exist in spatially separated regions only. In two-or three-dimensional systems, which are discussed below, this restriction is lifted and bypassing is allowed. This effect can be simulated within the one-dimensional model by assuming that the particles are ''transparent'' to each other. 9 In the second, high velocity, sliding regime the embedded particles are decoupled from the plates. They practically do not feel the periodic potentials of the plates and move with a velocity V/2 ͓Fig. 2͑b͔͒.
In both sliding regimes the macroscopic frictional responses look similar ͓see Figs. 1, 2͑a͒, and 2͑b͔͒; there is a linear increase of the force with the driving velocity, and for a given velocity one finds only small fluctuations of the timedependent spring force. These regimes differ by the rate of energy dissipation ͑ versus /2͒.
Critical velocities, which bound the intervals of smooth sliding, can be found from the stability analysis of Eqs. ͑1͒ and ͑2͒.
2 Here we only mention that an upper limit of the velocities, above which a trapped sliding state disappears, can be estimated from the following consideration. Due to the dissipative forces between the particles and the plates, a particle feels a roughly uniform force which is proportional to the sliding velocity, V. If this force overcomes the depinning force ͑static friction, F s which for noninteracting particles equals to 2NU 0 /a͒, the particle becomes decoupled. The limiting velocity is therefore V c ϭF s /. This value is in a good agreement with the upper limit of the stability interval for the trapped sliding state which has been found numerically, as seen in Fig. 1 . Experimentally, V c can be obtained from tribological measurements of F s and from rheological measurements of .
The closed and open circles in Fig. 1 correspond to the maximal and minimal values of the spring forces as functions of the driving velocity. These values coincide in the sliding regimes, but differ for velocity intervals corresponding to the conventional stick-slip and to the bifurcation from the trapped to decoupled sliding. Both the maximal and minimal forces remain approximately constant with increasing velocity within the latter region. Figure 3 shows a friction force time series in the bifurcation region which has been calculated under overdamped conditions. For comparison, the dashed line presents the traces in the sliding regime which are observed for velocities just below the bifurcation region. This is the usually expected behavior for velocities above the regular stick-slip motion. The time series in the bifurcation region resembles the regular stick-slip behavior, but here the oscillations occur between two sliding ͑kinetic͒ states, one of which ͑trapped state͒ has a higher friction and the other one ͑de-coupled state͒ has a lower friction. In contrast to the conventional stick-slip behavior, this regime takes place for velocities higher than a critical velocity, which appears above the smooth sliding. An additional difference is that the friction spikes are inverted, falling below the smooth kinetic baseline ͑dashed line in Fig. 3͒ , instead of appearing above it. All these features of the bifurcation regime discussed above are in a good agreement with the recent experimental observations of the inverted stick-slip behavior. 6 The density of states presented in Fig. 2͑c͒ demonstrates that the dynamics of embedded particles within the bifurcation region differs essentially from that in the sliding phases. Here the system does not separate into locked and running states that do not mix. The locked particles participate from time to time in the moving subsystem which is accompanied by strong fluctuations of the measured force. 9 Let us now consider a three dimensional system of particles embedded between two rigid plates. The dynamics of the system is governed by the equations which are similar to Eqs. ͑1͒ and ͑2͒, but now the motion of particles is not restricted to one dimension. All the interactions entering the dynamical equations are chosen to be the same as in the one-dimensional model discussed above. Below we discuss the case where the particles form approximately two layers ͓Fig. 4͑a͔͒. Calculations have been done for a constant distance between plates. Similar to the one-dimensional model here we also find two different types of smooth sliding. The time series of the spring force and velocities of the particles in the sliding regimes are shown in Figs. 4͑b͒ and 4͑c͒. As before, the low velocity sliding corresponds to the trapped state of embedded system, where now one layer of particles is adsorbed to the fixed plate and is immobilized, and the second layer is adsorbed to the moving plate. Typical to this regime is the separation of the ensemble of particles into two subsystems which do not mix in phase space. In the high velocity sliding regime the particles are decoupled from the plates, and move with different velocities, in such a way that the average velocity equals to half of the plate velocity.
In the sliding regimes the potential of each of the plates is almost screened by the adjacent layer. Thus, every layer feels mostly the potential force from the closest plate and the dissipative force from the remote plate. For lower velocities the potential force exceeds the dissipative one and we get the trapped sliding state, while for higher velocities we have an opposite limit and the decoupled sliding state arises. Figure 4͑d͒ shows that for intermediate velocities, where the system bifurcates from the trapped to the decoupled sliding state, the spring force performs regular oscillations. The frictional dynamics in this interval has the properties of the inverted stick-slip motion which have been discussed above. Namely, the transition takes place above some critical velocity, the oscillations occur between two kinetic states, and friction spikes pointed downward rather than upward. In marked contrast to the usual stick-slip behavior, no stiction spikes are observed on starting the sliding from rest or after reversing the sliding direction. Figure 4͑d͒ clearly demonstrates that the regular oscillations of the force result from the intermixing of the two particle subsystems, which are separated in the low velocity sliding regime. This is the most important distinction between dynamical behaviors of the embedded particles in the sliding and inverted stick-slip regimes. Figure 5 presents the velocity dependence of the maximal and minimal forces which are qualitatively similar to that presented in Fig. 1 for the one-dimensional model. However, for the values of parameters chosen here, the difference in the frictional forces in the two sliding states in three dimensions is less pronounced than in the case of one dimension, and the bifurcation region with a large variance of the spring force is broader than before. This might be the reason why the second smooth sliding has not been observed in the recent experiments. 6 It should be noted that according to our models the inverted stick-slip behavior corresponds to a bifurcation from a trapped to a decoupled sliding state which reflects a transition from nonslip to slip boundary conditions in the embedded system. Deviations from nonslip boundary conditions in confined systems have been discussed recently and are usually characterized by a slip length. 10, 11 Our calculations show that in the trapped sliding state the slip length equals zero, and in the decoupled sliding we get a finite slip length. Thus, the inverted stick-slip bifurcation is a macroscopic manifestation of the phenomenon of rate-dependent slip, which has been recently observed. 12 This establishes an important relationship between macroscopic frictional response and microscopic properties of embedded molecular system.
As we have already mentioned above the commonly used phenomenological Tomlinson model exhibits only one type of sliding motion and fails to predict the inverted stickslip behavior. In order to describe this phenomenon the model should include not only macroscopic degrees of freedom ͑the coordinate and velocity of the driven plate͒ but an additional dynamical variable which characterizes the embedded system. A recently proposed generalization of the Tomlinson model, 9 which presents a reduction of the microscopic approach to a two-state description of the system, allows to resolve this problem and to produce the inverted stick-slip behavior.
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